The cleavability of the hemagglutinin (HA) plays a major role in virulence of avian influenza viruses. Detailed analyses of the cleavage sequences and their evolution would give insights into the high pathogenicity of the H5N1 virus. HA segments were visually identifiable in the cellular automata (CA) image, and a feature gene segment (FGS) was only found in H5N1 rather than any other subtype. This FGS is a 30-bp gene segment mainly consisting of 'A' and 'G'. When translated into amino acids the FGS converted into a sequence of mainly basic amino acids with positive charges. This feature amino acid segment (FAAS) was located in the cleavage site loop of HA which was potentially cleavable by various proteases. The 3D structure of H5N1 HA was reconstructed using homology modelling. It was found that the cleavage site loop was well exposed to potential proteases. The molecular surfaces were reconstructed to study how mutation and deletion of some amino acids in the FAAS affected the charge distribution. It was found that some mutations had severely changed the landscape of the charge distribution. Statistical analyses of FAAS were made with respect to when and where the H5N1 viruses were found. In 2005, there were less un-mutated FAAS than the other years according to temporal evolution, and more mutated FAAS appeared in China than other regions according to geographic distribution. These results are helpful for exploring the evolution of virus high pathogenicity.
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of protein subcellular location [5] [6] [7] . We found some fingerprints of CA image from H5N1-HA nucleotide sequence that is not ever found in any other type of viruses. The corresponding sequence of the fingerprint is called feature gene segment (FGS) dominantly consisting of 'A' and 'G', and roughly 30 bps in length. The most popular one is '5′-CAAAGAGAGAGAAGAAGAAAA-AAGAGAGGA-3′'. The translation of this segment yielded a feature amino acid segment (FAAS) corresponding to the amino acid insertion in the cleavage site which is very important for the high pathogenicity of the H5N1 virus [2, 8] .
To understand the impact of the amino acid insertion on the structure and properties of the cleavage site, we made a homology modelling [9, 10] of the H5N1 HA. We compared the cleavage site loop of H5N1 HA [11] with that of 1918 H1 [12, 13] . Here the possible multiple mutations of the cleavage site were discussed. By studying the charge distribution of molecular surface in the cleavage site we tried to observe how mutation or deletion of some amino acids could affect its high pathogenicity. Detailed statistical analyses were made to find how FAAS changed with temporal evolution and geographic distribution.
Methods
CA approach
The gene segment search was made by CA approach [14] , which is a simple, discrete, deterministic and visualized mathematical model for physical, mathematical, biological or computational systems. The CA consists of a line of cells, each valuing 0 or 1. At every step, the value of a given cell is determined by a simple rule from the values of that cell and its immediate left and right neighbours on the step before. By automatically applying the rule to each line as it evolves (thus the term automata), the computer builds up a binary map indicating a pattern of remarkable complexity.
In the present study, the initial line is a coded nucleotide sequence, i.e. the nucleotides A, C, G and T are coded as 00, 01, 10 and 11, respectively. There are a total of 256 rules in CA. Rule 82 is adopted here, as demonstrated in Figure 1 , where the white and black dots are viewed as '0' and '1', respectively. Eight possible sets of values for a site and its nearest neighbours appear on the upper line, while the lower line gives the values evolving from the upper three sites. '111', '110', '101', '100', '011', '010', '001', '000' transform into '0', '1', '0', '1', '0', '0', '1', '0' respectively. (01010010) 2 is decimalized as (82) 10 . So it is called rule 82.
The two end sites are set at '0' for the computation of next time step. For example, the sequence 010110110 becomes 000010010 after one step according to rule 82.
Homology modelling
With sequence information for a particular gene, we are able to build the 3D structure using homology modelling [9, 10] . The available structure information for the H5N1 HA will be used as the template [15] . The high similarity according to alignment ensures the accuracy of the homology modelling. The following steps were taken to build a homology model for the H5N1 HA: (1) The target chain was first broken into short segments of sequence; (2) the database (formed by more than 5200 high-resolution X-ray protein structures) for matching segments was searched according to the sequence alignment and the shape of the template protein chain; (3) these segments' coordinates were fitted to the growing target structure under a monitor to avoid any van der Waals overlap until all atomic coordinates of the target structure were obtained; (4) the process was repeated 10 times and an average model was generated, followed by energy minimization to create the final 3D structure.
Results
Identification of the H5N1 FS
Since CA [14, 16] has the power for treating complex systems with simple rules, it is employed to visualize the available full-length nucleotide sequences of 397 H5N1 HA and 2098 HA of other subtypes. Rule 82 is adopted here. Two typical images of H5N1 and other subtypes (i.e. H3N2) are given in Figure 2 (a) and (b) for comparison. It is found that a dark diagonal block is a com- mon feature of all H5N1 HA genes, while this specific pattern is not present in any other non-H5N1 virus.
The dark diagonal block, which is considered as the fingerprint of H5N1 HA genes, can be traced back to an FGS of 30 bps mainly composed of 'A' and 'G' near 1012 bp position. About 65.4% of FGS for all 397 H5N1 HA is exactly the same, i.e. '5′-CAAAGAGAGAGAAGA-AGAAAAAAGAGAGGA-3′', while the rest are segments with 1-5 bps mutations, where the percentage of 1-5 mutations are 23.6%, 2.4%, 6.3% , 1.9% and 0.4%, respectively.
High pathogenicity of the H5N1 virus
If FGS is translated into a polypeptide we can get an FAAS. This is, in fact, an insertion of a few amino acids near the cleavage site of the HA precursor molecule as H0 [2, 8] , which is approximately 556 residues in length. H0 must be cleaved into two subunits, HA1 and HA2, which is necessary for virus infectivity. For a majority of HAs, the cleavage is carried out by a trypsin-type endoprotease, which has been isolated from rat bronchiolar epithelial Clara cells [8] . In highly pathogenic strains, an increased number of basic residues at the cleavage site are thought to arise from insertion or substitution. The increase in basic residues, such as K and R, allows proteases in tissues outside the gastro-intestinal and respiratory tracts to cleave and activate the precursor polypeptide and hence render the virus infectious to a greater number of tissues. In fact, quite a few enzymes may cleave this sequence, such as furin-like enzymes, which exist in most tissues of the body [17] . This enhanced infectivity contributes to the increased systemic effects of viral infection and the multiple organ failure that is characteristic of infection by highly pathogenic viruses.
It has been demonstrated if a mutant is generated, the amino acid sequence at the HA cleavage site is converted into the sequence of typical avirulent avian virus, PQ----RETRG. When tested in mice, the pathogenicity of this HA mutant was highly attenuated, and none of the infected mice showed signs of disease [2] . It is clear that this sequence deserves detailed and systematic studies.
The 3D structure is reconstructed with the homology modelling for the amino acid sequence of H5N1 HA from Thailand pigeon in 2004 (GenBank Accession No. DQ236085) with the crystal structure of H5N1-Viet04 [15] as the template in order to have a good understanding of the cleavage mechanism and consequence of some specific mutations. Comparison has been made among structures of H5N1-Thailand, H5N1-Viet04 (PDB ID: 2FK0) and H1-1918 (PDB ID: 1RD8) [13] . The results are shown in Figure 3 . In the Viet04 structure, the C-terminal HA1 cleavage site region is interpreted only as far as P and does not account for the remaining QRERRRKKR before G at N-terminal of HA2 [15] . The sequence of H1-1918 in the cleavage site is P----SIQSRG, with only one basic amino acid R. The structure of H5N1-Thailand is well overlapped with that of H5N1-Viet04 except for the insertion of the cleavage site as expected, because only a few amino acids are different. The structures of H5N1 are generally well aligned with that of H1-1918 except for a few specific sites as discussed in ref. [15] . The cleavage site loop of H5N1-Thailand is extended further than that of H1-1918, and the molecular surface shows that it is more exposed to the potential proteases than that of H1-1918. As shown in Figure 3 (b)-1, the molecular surface of H5N1 cleavage site loop carries overwhelming amount of positive charge (in blue). It is the situation of the perfect FAAS. Seven big blue positively charged protuberances on the surface indicate 7 basic amino acids. The basic amino acids in QRERRRKKRG are numbered from 1 to 7 successively. Their corresponding positions are labelled in Figure 3 (b)-1. The red area in the middle of the structure is due to the presence of Glu, which is an acidic amino acid. Let it be noted that the presence of basic amino acids as well as positive charge is the key to HA being cleavable by multiple proteases [2, 8] . In some way, we could correlate the integrity of positively charged surface with the high pathogenicity. As indicated previously, some nucleotides in about 35% of the 1 protuberance covered with positive charge disappears, and the charge over there is changed to red negative and white neutral. For the case of QREIRRKKRG, where the basic amino acid is mutated in the middle part of FAAS, No. 2 protuberance's surface landscape and charge distribution change significantly. For the last case, the 5th basic amino acid is deleted and its corresponding protuberance disappears. Each case of basic amino acids mutations or deletion will change the surface landscape, reducing the blue positive charge and affecting the high pathogenicity of the virus.
The evolution of the H5N1 FAAS
Given that the mutations of FAAS have impact on the high pathogenicity of the virus, we made further statistical analyses of H5N1 HA FAAS with temporal evolution and geographic distribution. We analyzed 651 available HA protein sequences from the H5N1 viruses discovered ever since 1997 (Appendix Table 1 at the website: http://www.SciChina.org). Alignment was done to localize the cleavage site. The results are summarized in We know that duck (Duck_china_E319-2_03) has a perfect FAAS, to which the viruses found in recent years are related according to phylogenetic analyses. It is very interesting to note that during 1997-2004 the perfect FAAS played the dominant role, while in 2005, there are much less perfect FAAS, i.e. Seq.1, and more mutations, especially Seqs. 2 and 4. The situation was the same in 2006. 18 in all 19 sequences are Seq. 2. An analysis of geographic distribution is shown in Figure 4 
Discussion
The fundamental reason why the H5N1 virus is highly pathogenetic is related to the fact that the HA has a cleavage site loop that is cleavable by multiple proteases. We developed a methodology to efficiently locate FGS of HA gene, which is visually identifiable in the gene fingerprint. This FGS is only found in H5N1 but not in any other influenza virus. The FGS is a 30-bp gene segment mainly consisting of 'A' and 'G'. When FGS is translated into protein sequence it converted into a polypeptide of mainly basic amino acids with positive charges. This FAAS is located in the cleavage site loop of HA which is potentially cleavable by various proteases.
We reconstructed the 3D structure of H5N1 HA using homology modelling. It is found that the cleavage site loop is well exposed to potential proteases. Molecular surfaces are reconstructed to study how mutations or deletion of some amino acids in the FAAS affect the charge distribution. It is found that each case of mutations or deletion of the basic amino acids will surely change the surface landscape, reducing the blue positive charge and affecting the high pathogenicity of the virus. The virus may lose its high pathogenicity if more mutations at proper places occur. Statistical analyses of FAAS are made with respect to when and where the H5N1 are found. Mutations and deletion of FAAS dominate the 2005 distribution, while in earlier years, perfect FAAS was the principal. In China, the FAAS is mostly mutated. China, especially southern China, hosts a combination of circumstances promoting the H5N1 diversification [18] .
Our work contributes to the global efforts to gain the genetic insight of the fundamental reasons why the H5N1 virus is highly pathogenetic. It facilitates future efforts to develop immunological and therapeutic [19] [20] [21] [22] [23] [24] solution against the H5N1 virus. 
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